Despite the essential role of the active metabolite of vitamin A, all-trans retinoic acid (atRA) in spermatogenesis, the enzymes, and cellular populations responsible for its synthesis in the postnatal testis remain largely unknown. The aldehyde dehydrogenase 1A (ALDH1A) family of enzymes residing within Sertoli cells is responsible for the synthesis of atRA, driving the first round of spermatogenesis. Those studies also revealed that the atRA required to drive subsequent rounds of spermatogenesis is possibly derived from the ALDH1A enzymes residing within the meiotic and post-meiotic germ cells. Three ALDH1A isozymes (ALDH1A1, ALDH1A2, and ALDH1A3) are present in the testis. Although, ALDH1A1 is expressed in adult Sertoli cells and is suggested to contribute to the atRA required for the pre-meiotic transitions, ALDH1A2 is proposed to be the essential isomer involved in testicular atRA biosynthesis. In this report, we first examine the requirement for ALDH1A2 via the generation and analysis of a conditional Aldh1a2 germ cell knockout and a tamoxifen-induced Aldh1a2 knockout model. We then utilized the pan-ALDH1A inhibitor (WIN 18446) to test the collective contribution of the ALDH1A enzymes to atRA biosynthesis following the first round of spermatogenesis. Collectively, our data provide the first in vivo evidence demonstrating that animals severely deficient in ALDH1A2 postnatally proceed normally through spermatogenesis. Our studies with a pan-ALDH1A inhibitor (WIN 18446) also suggest that an alternative source of atRA biosynthesis independent of the ALDH1A enzymes becomes available to maintain atRA levels for several spermatogenic cycles following an initial atRA injection.
Introduction
Spermatogenesis is the process whereby spermatogonia proliferate and differentiate to generate the male reproductive gametes, spermatozoa [1] [2] [3] [4] . The transition of A undifferentiated spermatogonia into A1 differentiating spermatogonia (A to A1 transition, or spermatogonial differentiation) is a critical regulatory step during spermatogenesis [1] [2] [3] [4] . The A to A1 transition occurs at periodic intervals of 8.6 days along the length of testis tubules, resulting in the appearance of 12 reoccurring sets of cellular associations called stages [5] [6] [7] . The stepwise appearance of each of these stages ensures the asynchronous nature of the spermatogenetic wave and maintains the continuous release of sperm [5, 6] . Extensive evidence exists demonstrating that all-trans retinoic acid (atRA) is absolutely required for the initiation and maintenance of the spermatogenic wave [8] . While the necessity of atRA for spermatogenesis has been widely validated, the cellular source and the enzymatic families responsible for its synthesis in the postnatal testis are not completely understood.
A role for atRA, the active derivative of vitamin A, in spermatogenesis was initially identified in rodents fed a vitamin A-deficient (VAD) diet [9] . Histological analysis of VAD testes revealed an arrest at the A to A1 transition that was readily reversed by an exogenous atRA injection. Surprisingly, spermatogenesis was restored in a synchronous manner, resulting in the pulsatile release of sperm [10] [11] [12] . Although a thorough understanding of the retinoid metabolizing enzymes are still being shaped in the mammalian testis, the currently accepted model for the conversion of vitamin A to atRA involves a two-step enzymatic pathway. The first step involves the oxidation of all-trans retinol (atROL) to all-trans retinaldehyde (atRAL) by the cytosolic alcohol dehydrogenases or the microsomal retinol dehydrogenases [13] [14] [15] [16] [17] [18] [19] . This step is generally considered to be reversible and rate limiting. In contrast, the second reaction is irreversible and involves the conversion of atRAL to atRA by the aldehyde dehydrogenase 1A (ALDH1A) family [20] [21] [22] . The ALDH1A family of enzymes includes three isozymes that have roles in atRA synthesis: ALDH1A1 [23] , ALDH1A2 [24] , and ALDH1A3 [13, [25] [26] [27] . Localization studies have shown that the ALDH1A isoforms exhibit cell-specific expression patterns within the testis, suggestive of distinct biological functions [28] [29] [30] . Specifically, Aldh1a1 transcripts were detected in Leydig cells, and transcripts for Aldh1a2 were detected in spermatogonia, spermatocytes, and spermatids [31] [32] [33] [34] [35] [36] . Transcripts for Aldh1a1 and Aldh1a2 were also detected in prepubertal and adult Sertoli cells [31, 32] . ALDH1A3 was detected at very low levels in Leydig cells, spermatocytes, and spermatids within the 30 dpp testis [35, 37, 38] . Studies with a pan-ALDH1A inhibitor, WIN 18446 (WIN), revealed that the ALDH1A enzymes are collectively responsible for more than 95% of atRA biosynthesis in the wild-type mouse testis, with ALDH1A2 estimated to contribute to over 61% [23, [39] [40] [41] [42] [43] . Inhibition of the ALDH1A enzymes in neonatal mice via treatment with WIN followed by an atRA injection results in testes that are enriched for germ cells synchronously proceeding through development [44] . The strong inhibitory effects of WIN on the ALDH1A enzymes makes this chemical treatment a powerful tool to address questions regarding the contributions of the ALDH1A enzymes to retinoid-dependent processes such as spermatogenesis.
Accumulating evidence suggests that the sources of the atRA signal are differentially regulated between the first round and subsequent rounds of spermatogenesis. Specifically, it has been shown that the atRA required to drive the first round of spermatogenesis is derived from the ALDH1A enzymes residing within Sertoli cells [31] . The enzymatic and cellular sources of atRA biosynthesis driving the subsequent rounds of spermatogonial differentiation remain to be identified; however, it is widely hypothesized that the ALDH1A enzymes, specifically ALDH1A2, residing within the meiotic and postmeiotic germ cells are involved [31, 32, 38, 45] . The in vivo role that Aldh1a2 plays within germ cells has yet to be determined, as global Aldh1a2-null mice die early in embryonic development (E9.5-10.5) [39, 40, 46] . To overcome the embryonic lethality associated with the null model, we utilized traditional Cre-lox technology to generate animals in which Aldh1a2 was excised postnatally beginning in the differentiating germ cells (via the Stra8-Cre) and globally (via the tamoxifen-inducible Cre). To our knowledge, these genetic models are the first in vivo demonstration that severe deficiency of ALDH1A2 within the postnatal testis does not negatively affect spermatogenic progression. To address the collective contribution of the three major ALDH1A isozymes to testicular atRA biosynthesis, we also utilized the pan-ALDH1A inhibitor, WIN 18446. Surprisingly, potent inhibition of the ALDH1A enzymes (via WIN 18446 treatment) was not sufficient to immediately block subsequent rounds of spermatogonial differentiation, nor did it result in significantly reduced atRA levels. Additional in vivo studies simultaneously using WIN 18446 and hydralazine (HYD), a potent inhibitor of the aldehyde oxidases (AOXs) (another family of enzymes capable of catalyzing the atRAL to atRA oxidation reaction), suggested that the AOX family of enzymes may play a previously unexplored role in testicular atRA biosynthesis. Collectively, our studies suggest that multiple enzyme families may be capable of synthesizing atRA in the postnatal testis driving the second and subsequent rounds of spermatogenesis.
Materials and methods

Animal care and ethics statement
All animal care and procedures were conducted according to protocols and guidelines approved by the Washington State University Committee on the Use and Care of Animals. Studies were performed with male mice that were housed in a humidity-and temperaturecontrolled room with access to water and food ad libitum. Mice were euthanized by CO 2 asphyxiation followed by cervical dislocation.
Mouse lines, mouse breeding, and PCR genotype analysis
The Aldh1a2 fl/fl transgenic line was generated by the Mouse Biology [48] . For all injection strategies, animals were left to recover for 60 additional days prior to analysis.
Fertility evaluation
Adult Aldh1a2 fl/fl , Stra8-Cre control and cKO males (n = 4 per genotype) were housed with 129/B6 wild-type adult females of known fertility at a male-to-female sex ratio of 1:2. Males were observed for normal mounting behavior and female mice were checked each morning for the presence of a copulatory plug. The sex of the offspring, the total number of offspring, and the number of litters produced over a 4-month fertility trial were recorded.
RNA isolation and quantitative real-time polymerase chain reaction
Testis samples for quantitative real-time polymerase chain reaction (qRT-PCR) analysis were snap-frozen on dry ice upon removal and stored at -80 • C. Tissues were homogenized and total RNA was extracted using TRIzol reagent (15596018, Ambio Life Technologies) according to the manufacturer's directions. RNA quality and quantity was determined using a NanoDrop 1000 Spectrophotometer (Thermo Scientific). Total RNA (250-500 ng) was reversetranscribed using the iScript cDNA synthesis kit (1708891, Bio-Rad). Quantitative RT-PCR was performed using Fast SYBR Green PCR Mastermix (4385612, Applied Biosystems) on a 7500 Fast PCR System (Applied Biosystems). Primer sequences for the genes analyzed are presented in Supplemental Table S2 . The expression of these genes was determined from three to six mice, each of which was measured in triplicate and averaged. The relative mRNA levels in each sample were calculated using the comparative CT method ( C T ) [49] . The values were normalized using the expression of the ribosomal protein S2 (Rps2).
WIN, hydralazine treatments, and atRA injections
We utilized a previously published WIN7D + RA synchrony protocol with minor modifications [44, 45] . Briefly, 2 dpp 129/B6 male mice were pipette fed 100 mg/kg/bw (body weight) WIN (gift from Dr John Amory) daily for 7 days, given an atRA injection on day 9 and maintained on one of the following treatment regimens during the injection recovery: (1) 1% gum tragacanth (WIN7D + RA), (2) 150 mg/kg/bw WIN (WIN7D + RA + WIN), (3) 25 mg/kg/bw of HYD (Sigma-Aldrich, H1753) (WIN7D + RA + HYD), or (4) 150 mg/kg/bw WIN and 25 mg/kg/bw HYD (WIN7D + RA + WIN/HYD) (Supplemental Figure S2) . Depending on the experiment, the lengths of the WIN maintenance treatments were 8, 16, 24, 32, or 40 days. A group of animals were fed 100 mg/kg/bw WIN from 2-8 dpp, injected with vehicle control (dimethylsulfoxide, DMSO) injection on day 9, and then maintained on 150 mg/kg/bw WIN during injection recovery (WIN7D + DMSO + WIN; Supplemental Figure S2 ). An additional group of animals were pipette fed 1% gum tragacanth for the duration of the treatment regimen (Supplemental Figure S2 ). Mice given atRA injections were subcutaneously injected with 200 μg atRA (Sigma-Aldrich, R2625) suspended in 10 μl DMSO (Fisher Scientific, BP231-1). The WIN compound was suspended in 1% gum tragacanth and HYD was suspended in ddH 2 O. Irrespective of the type of injection that the animals received (atRA or DMSO), WIN or HYD-maintained animals also received WIN or HYD on the day of the injection.
Immunohistochemistry
Immunohistochemistry (IHC) was performed as previously described [50] with the exception that the primary antibodies used were aldehyde dehydrogenase family 1 member A2 (ALDH1A2; 1:100 dilution; 13951-1-AP; Proteintech Group), stimulated by retinoic acid 8 (STRA8; antibody produced in-house) [51] , zinc finger and BTB domain containing 16 (ZBTB16; 1:500 dilution; sc-22839; Santa Cruz Biotechnology), germ cell nuclear antigen (GCNA; gift from Dr. George Enders), and SRY (sex dertermining region Y) -box 9 (SOX9; 1:500 dilution; AB5535; EMD Millipore). Control sections were incubated in blocking solution with the primary antibody omitted.
Measurement of testicular atRA levels
For testicular atRA measurement of the Aldh1a2, Stra8-Cre and Aldh1a2, CreER T2 animals (n = 3−4 per treatment), testis tissue (30-50 mg) was homogenized in 5X tissue-weight saline. Tissue homogenates (120 μL) were transferred into 1.7 ml Eppendorf tubes followed by the addition of 5 μL of 2 μM at-RA-d 5 as an internal standard. Acetonitrile (240 μL) was added to tissue homogenates to precipitate proteins. After 5-10 s of vortexing, samples were left on ice for 10 min and then centrifuged at 18 000 × g at 4
• C for 30 min. Supernatant was transferred to glass vials for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis as described in published methods [36, 52] For testicular atRA measurement of WIN treated mice, each data point (n = 3-4 per treatment group) was obtained from pooled testes of 8-15 treated mice (188-226 mg per sample). The extraction pro-tocol and LC-MS/MS method used to measure WIN-treated animals were performed as described in references [36, [51] [52] [53] .
Cell quantification
Serial sections for cell quantifications were separated by a minimum of 20 μm. Immunostaining of testis sections for ZBTB16, STRA8, GCNA, or SOX9 was performed as described above. The different cell types were identified based on (1) ZBTB16-, STRA8-, GCNA-, or SOX9-positive immunostaining; (2) the shape and size of the nuclei; and (3) the location of the cells within the seminiferous tubules. Quantification was performed to count (1) the number of ZBTB16-, STRA8-, or SOX9-immunopositive spermatogonia, or (2) the number of tubules displaying normal versus absent/missing layers of GCNA-positive germ cells within 200 tubules per animal. All quantification was performed using a minimum of three animals per treatment group for each experiment.
Statistical analysis
Statistical significance between two experimental groups was evaluated using the Student t-test (Prism; Version 7.0c; Graphpad), while statistical significance between more than two groups was determined using a one-way ANOVA (Tukey's HSD post hoc test; Prism; Version 7.0c; Graphpad). A P-value of 0.05 or less was considered statistically significant, and all data are presented as mean ± standard error of the mean (SEM).
Results
Germ cell-specific deletion of Aldh1a2 does not result in abnormal histological phenotypes
To explore the role of Aldh1a2 specifically in postnatal germ cells, we generated an animal with a germ cell-specific deletion of Aldh1a2 using the Stra8-Cre. The Stra8-Cre was chosen because it is expressed around 3 dpp in a select population of A al spermatogonia and in all A 1 differentiating spermatogonia [47] . Expression of the Cre protein should eliminate Aldh1a2 within the germ cell populations of interest (namely the preleptotene spermatocytes, pachytene spermatocytes, and spermatid populations). Aldh1a2 control and cKO animals were obtained at the expected Mendelian frequencies, and cKO mice were morphologically indistinguishable from their control littermates. To verify that we had generated a genuine germ cell-specific Aldh1a2 cKO, we used a previously characterized antibody against ALDH1A2 to localize the protein on testis sections of control and cKO mice at 60 and 180 dpp by IHC [37] . Consistent with published results, we observed abundant ALDH1A2-positive spermatogonia, spermatocytes, spermatids, and Leydig cells in all control testis sections ( Figure 1A and Supplemental Figure S3A and B; n = 4). The ALDH1A2 protein was undetectable within the seminiferous epithelium of cKO mice; however, we detected ALDH1A2-positive cells within the interstitial space ( Figure 1B and Supplemental Figure S3C and D; n = 4). Quantitative RT-PCR analysis also demonstrated that Aldh1a2 expression was significantly reduced in cKO animals at 60 and 180 dpp compared to controls ( Figure 1C and Supplemental Figure S3E ; n = 3-6). To determine whether Aldh1a1 and Aldh1a3 are upregulated in response to reduced levels of Aldh1a2, we performed qRT-PCR in 60 and 180 dpp testes from cKO mice and found no statistically significant changes in the expression of Aldh1a1 or Aldh1a3 between the cKO and control testes at either age point ( Figure 1C and Supplemental Figure S3E ; n = 3-6).
Elimination of Aldh1a2 via Stra8-Cre does not significantly reduce atRA levels
To get an indirect measure of the atRA levels in the Aldh1a2 cKO testes, we performed qRT-PCR for the expression of atRA target genes Stra8 (stimulated by retinoic acid 8) and Cyp26a1 (cytochrome P450 family 26 subfamily A member 1) [54] . A significant reduction in the expression of Stra8 was observed in the 180 dpp testis ( Figure 1C ; n = 4). We also detected a significant reduction in the expression of Cyp26a1 in the 60 and 180 dpp testes ( Figure 1C and Supplemental Figure S3E ; n = 4). As Cyp26a1 has been used as an indirect indicator of tissue retinoid levels [55] , these gene expression differences prompted us to quantify the atRA levels within these testes via LC-MS/MS. No significant reduction in the levels of atRA was measured in the 60 or 180 dpp cKO animals compared to the age-matched controls ( Figure 1D and Supplemental Figure S3F ; n = 3-4).
Elimination of Aldh1a2 within germ cells does not alter the reproductive capacity of cKO mice
To determine whether elimination of Aldh1a2 within the germ cells resulted in any adverse effects on the reproductive capacity of cKO mice, Aldh1a2 control (n = 4) and cKO (n = 4) male mice (approximately 60 days old) were paired with two wild-type female mice each of known fertility for a 4-month fertility study. All males, regardless of genotype, displayed normal breeding behavior (i.e. normal mounting behavior and copulatory plug production). Female mice (n = 8) mated with Aldh1a2, Stra8-Cre control males produced an average of 5.25 litters, with an average of 6.7 ± 0.4 pups per litter (Supplemental Table S3 ). Female mice (n = 8) mated with Aldh1a2, Stra8-Cre cKO males produced an average of 5 litters, with an average of 6.6 ± 0.3 pups per litter (Supplemental Table S3 ). The average number of pups sired per litter was not significantly different between the control and cKO males ( Figure 1E ).
Tamoxifen-inducible postnatal global deletion of Aldh1a2 results in normal testicular histology and no significant reduction in atRA levels Our IHC analysis of Aldh1a2 cKO testes demonstrated ALDH1A2 expression within the interstitial space ( Figure 1B and Supplemental Figure S3C and D; n = 4). As ALDH1A2 has been localized to Leydig cells and macrophages, we wanted to rule out the possibility that the activity of the ALDH1A2 enzymes within the interstitial space was sufficient to drive the qualitatively normal spermatogenesis observed in the Aldh1a2 cKO [37, 56] . To accomplish this, we utilized the CreER T2 transgenic line to generate animals in which global excision of the Aldh1a2 allele can be induced by the administration of tamoxifen. No significant differences in the body weights of the tamoxifen-treated animals were observed on the day of euthanasia, regardless of their genotype or the age at which tamoxifen was administered (Supplemental Figure S4 ; n = 5-8 Figure 2A , B, D and E; n = 3-7). In contrast, ALDH1A2 protein expression was not detected in the seminiferous epithelium of Aldh1a2 / , CreER T2 animals; however, we were able to detect faint ALDH1A2 staining within the interstitial space ( Figure 2C and Maintenance on WIN for one spermatogenic cycle following the WIN7D + RA synchrony protocol significantly increases the number of ZBTB16-positive spermatogonia but does not result in reduced atRA levels
To determine the contribution of all the ALDH1A enzymes to atRA biosynthesis, we utilized a WIN7D + RA synchrony protocol previously established in our laboratory [44] . This protocol involves the maintenance of 2 dpp mice on WIN 18446 for 7 days followed by an injection of atRA. WIN is a potent inhibitor of the ALDH enzymes, and treatment of neonatal mice with WIN for 7 consecutive days reduces atRA levels and results in testes that are enriched for undifferentiated spermatogonia [44] . An exogenous injection of atRA induces the arrested undifferentiated spermatogonia to simultaneously differentiate [44] . If the WIN treatment was continued for 1 cycle or 8 days following the injection of atRA (WIN7D + RA + WIN8D), we could address the contribution of the ALDH1A enzymes following the initial atRA pulse synthesized by the Sertoli cells during normal spermatogenesis. Additionally, this protocol generates testes that are synchronously undergoing spermatogenesis, eliminating the complexity associated with the heterogeneous nature of spermatogenesis in wild-type rodents. Our experimental design included four treatment groups: (1) unsynchronized animals, (2) animals given WIN7D + RA + 8D resulting in synchronized testes, (3) animals given WIN7D + RA + WIN8D (8 additional days of WIN 18446 treatment), and (4) animals given WIN7D + DMSO + WIN8D (continuous WIN 18446 treatment and no atRA) (Supplemental Figure S5A) . The 8-day WIN maintenance protocol did not significantly alter the body weights of animals (Supplemental Figure S5B ; n = 28-46). However, on the day of eu- 
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Graphical representation of atRA measurements. Scale bars = 100 μm. n = 3-7. * P < 0.05, * * P < 0.01, * * * P < 0.001, and * * * * P < 0.0001. * P < 0.05, * * * P < 0.001, * * * * P < 0.0001.
thanasia, the testis weights of unsynchronized, WIN7D + RA + 8D, and WIN7D + RA + WIN8D treated animals were significantly greater than those of the WIN7D + DMSO + WIN8D treated animals (Supplemental Figure S5C ; n = 8-46). We hypothesized that if the ALDH1A family of enzymes is the major enzymatic family involved in atRA synthesis during subsequent rounds of spermatogenesis, then WIN7D + RA + WIN8D treated animals would display reduced spermatogonial differentiation compared to the unsynchronized and WIN7D + RA + 8D treated animals. To assess this, we first immunostained and quantified testis sections for the ZBTB16 protein that marks undifferentiated spermatogonia and SOX9 protein which marks Sertoli cells (Figure 3A -D; n = 3) [57, 58] . There was an average of 0.127 ± 0.003 ZBTB16-positive spermatogonia per average number of Sertoli cells in unsynchronized animals (Figure 3I ; n = 3). WIN7D + RA + 8D, WIN7D + RA + WIN8D, and WIN7D + DMSO + WIN8D treated animals displayed a 1.8-, 2.4-, and 3.5-fold increase in the average number of ZBTB16-positive spermatogonia per average number of Sertoli cells, respectively, relative to the unsynchronized animals ( Figure 3I ; n = 3). We also immunostained testis sections for the STRA8 protein that marks differentiating spermatogonia and quantified the proportion of STRA8-positive spermatogonia per average number of Sertoli cells ( Figure  3E -H and I; n = 3) [59] . STRA8 was expressed in a heterogeneous manner in testis sections obtained from the unsynchronized animals, whereas synchronous expression of STRA8 was detected in WIN7D + RA + 8D and WIN7D + RA + WIN8D treated animals (Figure 3E -G; n = 3). No detectable STRA8-positive differentiating spermatogonia were detected in the WIN7D + DMSO + WIN8D treated animals ( Figure 3H ; n = 3). The average number of STRA8-positive differentiating spermatogonia in the unsynchronized, WIN7D + RA + 8D, and WIN7D + RA + WIN8D treated groups were significantly increased compared to the WIN7D + DMSO + WIN8D treated animals ( Figure 3I ; n = 3).
To determine whether the STRA8 counts were reflective of the atRA levels within treated testes, we measured atRA levels by LC-MS/MS. The amounts of atRA measured in the WIN7D + RA + 8D and WIN7D + RA + WIN8D treated groups were significantly greater than those measured for the WIN7D + DMSO + WIN8D treated animals ( Figure 3J ; n = 3-4).
Maintenance on WIN for several spermatogenic cycles following the WIN7D + RA synchrony protocol eventually results in degenerative seminiferous tubules
Since 1 cycle or 8 days of additional WIN treatment was unable to arrest spermatogonial differentiation following the atRA injection, we hypothesized that several additional cycles of treatment were required. To test this, we maintained several groups of animals on WIN for 16, 24, 32, or 40 additional days following the atRA or DMSO injections (Supplemental Figure S6) . For comparison purposes, we also maintained unsynchronized and WIN7D + RA treated animals for 16, 24, 32, and 40 day recovery periods (Supplemental Figure S6) . Histological analyses were performed to examine STRA8 expression ( Figure 4 ; n = 3-4). Untreated, unsynchronized animals displayed a heterogeneous pattern of STRA8 expression within spermatogonia and preleptotene/leptotene spermatocytes as expected ( Figure 4A , E, I, and N; n = 3-4). STRA8 expression was detected in spermatogonia and preleptotene spermatocytes in WIN7D + RA + 16D, WIN7D + RA + 24D, and WIN7D + RA + 40D treated animals but was rare in the WIN7D + RA + 32D treated animals ( Figure 4B , F, J, and O; n = 3-4). A high degree of phenotypic heterogeneity was observed in the WIN7D + RA + WIN32D group, as some males displayed testis tubules with normal histology while others had a mixture of morphologically normal tubules adjacent to those with apoptotic cells and missing advanced germ cells ( Figure 4 L and M; n = 4). In all WIN7D + RA + WIN40D animals, severe testis degeneration was observed ( Figure 4Q ; n = 4). No STRA8-positive spermatogonia were detected in any of the animals given a DMSO injection and maintained on WIN for 16, 24, 32, or 40 days ( Figure 4C , G, K, and P; n = 3-4).
Maintenance on WIN and HYD for one spermatogenic cycle following the WIN7D + RA synchrony protocol increases the number of ZBTB16-positive spermatogonia
Although WIN is a potent pan-ALDH1A inhibitor, approximately 32-40 days of WIN maintenance was required for severe seminiferous tubule degeneration when administered after an atRA pulse.
Based on these findings, we hypothesized that an alternative source of atRA synthesis, independent of the ALDH1A enzymes, becomes available following the atRA injection. Of the enzyme families capable of catalyzing the atRAL to atRA reaction, transcripts for members of the AOX family were identified in microarray sequencing experiments previously performed in our laboratory [60, 61] . To test their potential contribution to atRA biosynthesis, we maintained animals on a potent inhibitor of the AOX family of enzymes, HYD (Supplemental Figure S7 ) [62, 63] . Compared to unsynchronized animals, significant differences in the number of STRA8-positive spermatogonia per average number of Sertoli cells were detected in animals maintained on the WIN7D + RA + 8D, WIN7D + RA + HYD8D, and WIN7D + RA + WIN/HYD8D treatment schemes ( Figure 5F ; n = 3). No significant differences in the number of STRA8-positive spermatogonia per average number of Sertoli cells were detected in the WIN7D + RA + WIN8D treatment group ( Figure 5F ; n = 3). A significant increase in the number of ZBTB16-positive spermatogonia was detected in all treatment groups compared to the unsynchronized animals ( Figure 5E ; n = 3).
Concurrent maintenance on WIN/HYD for one spermatogenic cycle following the WIN7D + RA synchrony protocol increases the number of testis tubules missing germ cells expressing germ cell nuclear antigen
Our histological observations of the WIN7D + RA + WIN/HYD8D treated animals prompted us to quantify the number of testis tubules missing germ cells. Testis sections from WIN7D + RA + 8D, WIN7D + RA + WIN8D, WIN7D + RA + HYD8D, and WIN7D + RA + WIN/HYD8D treated animals were immunostained for the germ cell-specific marker GCNA ( Figure 6A -D) [57] . Quantification revealed that 2% of the testis tubules within the WIN7D + RA + 8D, WIN7D + RA + HYD8D, and WIN7D + RA + WIN8D treated groups were missing cells or layers of GCNA-positive cells ( Figure 6E ; n = 3-4). In contrast, 36% of WIN7D + RA + WIN/HYD8D treated animals had testis tubules missing cells or layers of GCNA-positive cells ( Figure 6E ; n = 3-4). Animals were 17 dpp at euthanasia. Scale bar = 100 μM. n = 3. * P < 0.05, * * P < 0.01, * * * * P < 0.0001.
Discussion
It is well established that atRA is absolutely required for spermatogonial differentiation [9, 11] ; however, many gaps still remain in our understanding of the enzymatic and cellular sources responsible for generating atRA. Using a genetic model, Raverdeau and colleagues demonstrated that atRA in the first round of spermatogenesis is synthesized by the ALDH1A enzymes within Sertoli cells [31] . Importantly, if the mice with all three ALDH1A enzymes deleted in Sertoli cells were given a single injection of atRA, spermatogenesis resumed and was maintained suggesting that the atRA injection resulted in an alternate source of continuous atRA synthesis [31] . However, the cellular and enzymatic source(s) of atRA driving these subsequent rounds of spermatogonial differentiation is a key research question that remains to be fully addressed. ALDH1A2 is a cytoplasmic atRA-generating enzyme enriched in meiotic and postmeiotic germ cells within the murine testis [24, 64, 65] . Previous publications have provided evidence to suggest that this enzyme may be the primary source of atRA synthesis driving subsequent rounds of spermatogenesis. However, our present findings do not support a role for ALDH1A2 as an essential enzyme to testicular atRA biosynthesis, as severe deficiency of Aldh1a2 within the postnatal testis in either the germ cell cKO or the Aldh1a2 / , CreER T2 animals analyzed in this study did not result in significantly reduced atRA levels. Interestingly, Cyp26a1 has been suggested to be a reliable indicator of endogenous atRA levels, yet the significant reduction in Cyp26a1 expression in both the germ cell cKO and the Aldh1a2 / , CreER T2 animals was not reflective of endogenous levels of total testicular atRA. The biological function of the CYP26 enzymes is to metabolize atRA into inactive metabolites [20, [66] [67] [68] . Therefore, the reduction in Cyp26a1 expression may actually be suggestive of a feedback mechanism that is lowering degradation activities in order to sustain higher levels atRA within the Aldh1a2 cKO and Aldh1a2 / , CreER T2 testes. It is also possible that the reduction in Cyp26a1 may allow for circulating extratesticular atRA to enter the testis, although this possibility seems unlikely as it has recently been reported that CYP26B1, not CYP26A1, is the major isomer involved in the regulation of atRA levels within the seminiferous epithelium [55] . Therefore, future investigations using radiolabeled atRA within these Aldh1a2 cKO testes are required to further investigate this possibility. It has been widely hypothesized that the atRA required for spermatogenesis is made inside the epithelium [35] . In support of this hypothesis, Kurlandsky and colleagues found that less than 1% of circulating atRA enters the seminiferous epithelium [69] , which is not enough to elicit the responses that we observed. Therefore, we hypothesized that the levels of atRA detected within the Aldh1a2 germ cell cKO and Aldh1a2 / , CreER T2 testes could be due to compensation by the other ALDH1A enzymes (Aldh1a1 and Aldh1a3). We tested this hypothesis pharmacologically by inhibiting the activities of the ALDH1A enzymes using the pan-ALDH1A inhibitor WIN 18446. In the absence of an atRA pulse or injection, the ZBTB16-positive spermatogonia accumulated but no differentiated STRA8-positive spermatogonia appeared. If given a single injection of atRA, our analysis revealed that the ZBTB16-positive population was sensitive to continued maintenance on WIN; however, we observed no significant reductions in the number of STRA8-positive spermatogonia or atRA levels. Further, we found that approximately 32-40 days of continuous WIN treatment was required to induce a severe degenerative phenotype if a single atRA pulse was given at 9 dpp. It is presently unclear why treatment with WIN requires such a prolonged period of time before cessation of spermatogenesis occurs.
However, our data demonstrate that once the testis receives an atRA pulse, produced in situ by Sertoli cells or by injection, potent inhibition of the ALDH1A enzymes is insufficient to immediately inhibit subsequent rounds of spermatogonial differentiation. Although the ALDH1A enzymes are the only family of enzymes currently implicated in the oxidation of atRAL to atRA in the mammalian testis, multiple enzyme families are able to perform this same metabolic step in other retinoid-dependent organs, such as the liver [43, [70] [71] [72] . The AOX enzymes are of particular interest as transcripts for two of the AOX isomers were significantly upregulated in testis microarray studies previously performed in our laboratory. Aox4 was upregulated in germ cells compared to Sertoli cells during a synchronized first round of spermatogenesis [60] . Aox3 was significantly upregulated in another microarray study aimed at identifying transcripts differentially expressed in spermatogenic stages in the adult testis, with maximal expression observed in stages VI-VIII [61] . Aox3 mRNA has also been detected in germ cells via in situ hybridization [73] . However, the K m values for the AOX enzymes is a magnitude higher than those reported for the ALDH1A enzymes, and because of this the AOX enzymes may only play a physiologically relevant role in testicular atRA biosynthesis when the ALDH1A enzymes are inactive [74] [75] [76] . Accordingly, the Aox4-null mouse is fully fertile, supporting a secondary role for these enzymes in testicular atRA biosynthesis [72] . Presently, very little is known about the role of AOX3 within the postnatal testis, as no genetic knockout models have been produced to date. Future studies of the Aox3-null mouse and ALDH1A/AOX compound animals will further elucidate the role that these enzymes play in testicular atRA biosynthesis.
We found the WIN7D + DMSO + WIN animals particularly interesting, as histological analysis of these animals demonstrated that the dosage of WIN utilized in our studies was sufficient to block spermatogonial differentiation for prolonged periods of time. Surprisingly, atRA measurements revealed residual levels of atRA remaining in the WIN7D + DMSO + WIN8D treated testes. This was consistent with other studies, in which residual amounts of atRA were detected even though histological analysis confirmed that WIN treatment resulted in the complete loss of advanced germ cells and cessation of spermatogenesis [37, 77, 78] . These findings lead us to hypothesize that the A to A1 transition may require a certain threshold of atRA that can only be met when the ALDH1A enzymes are fully functional.
The requirement for atRA in spermatogonial differentiation, meiotic initiation, blood-testis barrier formation, spermiogenesis, and spermiation has been well studied. However, investigations of how and where atRA is produced to drive these processes have been complicated by gaps in our knowledge of the enzymes responsible for atRA biosynthesis. Although the expression of ALDH1A1 residing within adult Sertoli cells may contribute to the biosynthesis of atRA driving the premeiotic transitions, several groups have provided evidence to suggest that ALDH1A2 residing within the meiotic and postmeiotic germ cells is the major isomer involved [31, 32, 38, 45] . In this report, we have examined for the first time the in vivo contribution of ALDH1A2 to postnatal testicular atRA levels using two complementary genetic approaches. Our results demonstrate that severe deficiency of Aldh1a2 did not result in any adverse effects on male fertility or health. This report also provides evidence suggesting that the AOX family of enzymes may play a physiologically relevant role in testicular atRA biosynthesis, specifically following an injection of atRA when the ALDH1A enzymes are inhibited.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Generation of conditional allele to knock out the Aldh1a2 gene. The conditional allele for Aldh1a2 was generated via a sequence replacement strategy. The diagram shows the wild-type Aldh1a2 allele (top row), targeting construct (second row), homologous recombinant (third row), targeted conditional Aldh1a2 allele without the neo cassette (fourth row), and the Cre-mediated deletion of the Aldh1a2 gene (fifth row). The targeting construct contained (1) loxP sites that flanked exon 4, (2) a 2.5 kb 5 short arm of homology, (3) a 5.6 kb 3 long arm of homology, (4) a Diphtheria Toxin A (DTA) cassette, and (6) a Neomycin (Neo) cassette flanked by FRT sites for selective deletion. The Neo element allowed for positive selection in ES cells, while the DTA element allowed for negative selection in ES cells. After homologous recombination of the conditional knockout construct, the Aldh1a2 gene will have normal expression until Cre-mediated deletion of exon 4. Deletion of exon 4 creates a frameshift mutation and a premature stop, which renders the Aldh1a2 gene inactive. Supplemental Figure S2 . Schematic of the WIN maintenance regimens. Control animals were fed 1% gum tragacanth for the entirety of the treatment regimen. Two dpp male mice were given 100 mg/kg WIN daily for seven consecutive days, given an atRA injection at 9 dpp and then maintained on 1% gum tragacanth (WIN7D + RA), 150 mg/kg WIN (WIN7D + RA + WIN), 25 mg/kg HYD (WIN7D + RA + HYD) or 150 mg/kg WIN and 25 mg/kg HYD (WIN7D + RA + WIN/HYD). Another group of animals were also fed 100 mg/kg WIN from 2-8 dpp, followed by a DMSO injection at 9 dpp and maintained on 150 mg/kg WIN (WIN7D + DMSO + WIN). Depending on the experiment, maintenance animals were maintained on their treatment schemes for 8, 16, 24, 32, Supplemental Figure S6 . Schematic of the WIN maintenance regimen across several spermatogenic cycles. Unsynchronized animals were fed 1% gum tragacanth for 16, 24, 32, or 40 days. Two dpp male mice were given 100 mg/kg WIN daily for seven consecutive days and then placed in one of the following three treatment groups: (1) atRA injection at 9 dpp and maintained on 1% gum tragacanth for 16, 24, 32, or 40 days (WIN7D + RA); (2) atRA injection at 9 dpp and maintained on 150 mg/kg WIN for 16, 24, 32, or 40 days (WIN7D + RA + WIN); or (3) DMSO injection at 9 dpp and maintained on 150 mg/kg WIN for 16, 24, 32, or 40 days (WIN7D + DMSO + WIN). Supplemental Figure S7 . Schematic of the treatment regimen for animals maintained solely on HYD or concurrently on WIN and HYD following the WIN + RA synchrony protocol. Two dpp male mice were given 100 mg/kg WIN daily for seven consecutive days, injected with atRA at 9 dpp and maintained either on 25 mg/kg HYD (WIN7D + RA + HYD8D) or maintained concurrently on 150 mg/kg WIN and 25 mg/kg HYD for 8 additional days (WIN7D + RA + WIN/HYD8D). Supplemental Table S1 . PCR primers for genotyping. Supplemental Table S2 . Primers for quantitative RT-PCR. Supplemental Table S3 . Male fertility data for Aldhla2fl/fl, Stra8-Cre mutant mice.
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